The purpose of this study was to investigate the adsorption of two Basic dyes, i.e. Basic Blue 3 (BB3) and Basic Orange 2 (BO2), onto Sphagnum Magellanicum peat. The equilibrium studies were carried out at 30 o C and 45 o C, respectively. The equilibrium experimental results were fitted to the Langmuir model to obtain the characteristic parameters. The maximum sorption capacities for each dye were 41 mg/g for BB3 and 92 mg/g for BO2. The magnitude of the a L parameter increased with temperature for both dyes. The batch kinetic studies of Basic dye adsorption onto peat considered the effect of the initial concentrations of the dyes and the peat dosage. The models fitted were first order (Lagergren equation), pseudo-second order (chemisorption mechanism) and intra-particle diffusion. For all the systems studied, the pseudo-second-order model provided the best correlation. The intra-particle diffusion model provided good correlations over the intermediate and final steps of the adsorption process.
INTRODUCTION
Whilst industrial development has meant progress for society, the resulting pollution has, however, caused significant damage to ecosystems. During the past decades, the discharge of industrial effluents has been regulated to minimize this environmental damage. As an example, wet textile processes use considerable volumes of water and produce effluents containing different chemical components. These residual liquids have a high quantity of organic matter and an intense colouration. The dyes discharged in textile effluents have a complex structure and a synthetic origin. They exhibit a high biological oxygen demand (BOD) and a high stability, which makes their degradation more difficult. The high stability that these components show in conventional treatments dictates the need for more efficient removal techniques.
Adsorption is one of the technologies that has demonstrated good efficacy in the removal of dyes, resulting in an excellent quality of effluents in addition to a low cost. Earlier works demonstrated the technical feasibility of the use of traditional adsorbents, such as activated carbon (Kraisheh et al. 2002) , bauxite and alumina (Vandevivere et al. 1998) . However, economic reasons have encouraged the research for lower cost adsorbents of natural origin that may be subsequently incinerated without much difficulty (Poots et al. 1976; Sun and Xu 1997; Ho and McKay 1999) . Such adsorption onto organic matter allows the adsorbed dye to be subsequently removed from the solid substrate (Robinson et al. 2001) .
Peat stands out amongst these types of adsorbents due to its characteristic as a highly porous, polar material, having cellulose and lignin as its main components. A great number of studies have demonstrated the feasibility of using peat in the adsorption of cationic elements, and at the same time, data have been reported establishing that the hydroxyphenol groups of lignin and fulvic and humic acids on peat present a high adsorption affinity towards the Basic dyes utilized in the textile industry (Couillard 1994) . These dyes are capable of ionization in aqueous solutions and the cation of the chromophoric group can interact chemically with some of the polar functional groups of peat.
The adsorption mechanism for such dyes is extremely complex due to the occurrence of different phenomena. Firstly, transport takes place from the bulk solution to the boundary layer of the adsorbent and then diffusion occurs across this film to the solid surface. After migration across the interface, the adsorbate interacts with the external sites on the particle surface and then migrates into the liquid inside the pores. Finally, interaction of the adsorbate occurs with the existing sites on the internal surfaces of the adsorbent, either through physical adsorption, chemisorption, ionic interchange and/or the formation of complexes. The kinetics of the effluent decolouration process, which is the result of the mass transference phenomenon and the nature of the sorbate/sorbent interaction, is then defined by the slowest of the above stages, i.e. the controlling step. Bousher et al. (1997) established that the adsorption of Basic dyes onto adsorbents with high cellulose concentration occurs via coulombic interactions and ion exchange. It has also been demonstrated that, unlike adsorption involving conventional adsorbents such as activated clay, the removal of Basic dyes by chemical interaction with peat influences the kinetic process McKay 1998b, 1999) . Since the adsorption of Basic dyes onto peat is controlled by chemical interaction between the sorbate and sorbent, Ho and McKay suggested the establishment of a kinetic model capable of interpreting the dynamics involved. To this end, the present study analyzes the adsorption capacity predicted by the first-order chemical model (the Lagergren equation) and by the pseudo-second-order equation of Ho and McKay. In addition, the involvement of intra-particle diffusion will also be analyzed using the empirical model of Weber and Morris (1963) .
THEORETICAL CONSIDERATIONS

Adsorption isotherms
The study of adsorption isotherms is an important aspect in the design of adsorption systems, since they allow the establishment of the equilibrium relationship between the sorbate and the sorbent. The Langmuir equation is commonly used to describe the adsorption isotherms for aqueous and wastewater treatment applications (Langmuir 1918; Ho et al. 2002) . This model is valid for monolayer sorption onto a surface possessing a finite number of identical sites. The Langmuir isotherm may be written as:
( 1) where C e is the equilibrium concentration of the dye in solution (mg/l), q e is the amount of dye adsorbed (mg/g), K L is defined as the equilibrium constant (l/g) and a L is the Langmuir constant (l/mg). The ratio (K L /a L ) represents the maximum adsorption capacity (Q max ) (mg/g).
Adsorption dynamics
Dyes are organic compounds that can be either acidic or basic in nature, thereby forming anionic or cationic structures, respectively, when ionized in aqueous solution. The adsorption of dyes onto
peat may, therefore, involve chemical adsorption as the controlling step in the dynamics of the process. In this respect, pseudo-kinetic models may be appropriate for explaining the process dynamics of dye adsorption.
A pseudo-first-order model, and more recently, a pseudo-second-order model, has been suggested as appropriate for describing chemisorption processes where the controlling step corresponds to interaction between the sorbate molecule and the adsorption site (Ho and McKay 1998a,c; Namasivayam and Yamuna 1992; Ho et al. 2001) . Although external diffusion restrictions can be virtually eliminated in a shaken system, the constraints associated with intra-particle diffusion still apply to highly porous adsorbents. The relative importance of this issue has been evaluated through a simple model established by Weber and Morris (Ho et al. 2000; Singh and Rawat 1994) .
For a chemisorption process, the pseudo-first-order model may be written as in equation (2):
where q e is the concentration of dye in equilibrium with the solid phase (mg/g), q t is the concentration of dye adsorbed after a time t (mg/g) and K 1 is the rate constant for the process (1/min).
The pseudo-second-order model shown in equation (3) can be employed for interpreting the dynamics of the adsorption of dyes that are capable of forming micelles in aqueous solution:
where K 2 is the rate constant for the process [g/(mg min)].
Intra-particle diffusion
Studies with highly porous adsorbents in shaken and discontinued systems have demonstrated that, in addition to adsorption over the particle surface, diffusion of the dye can be observed from the external surface towards the sites inside the pores (Ho and McKay 1999) . Weber and Morris (1963) stated that the uptake of adsorbate varies as the square root of time when the process is controlled by intra-particle diffusion. If the intercept of the best-fit straight line more or less passes through the origin, this indicates that the boundary layer resistance is not particularly significant. In contrast, larger intercepts indicate greater external resistance since this is proportional to the thickness of the boundary layer (Dogan et al. 2007 ). Thus, the empirical relationship for the adsorption process takes two resistances into account, viz. diffusive transport across the external film and diffusion within the pores of the spherical particles. The square root dependence of the time, also known as a Weber−Morris plot, may be expressed as: (4) where K p is the intra-particle diffusion rate parameter [mg/(g min 0.5 )] and C is the intercept (mg/g).
EXPERIMENTAL
The sphagnum peat moss was obtained from ANASAC S.A. (Magellan region, Chile), having an initial moisture content of 80% and a particle-size distribution in the range 0.05−1.4 mm. The nitrogen BET surface area was determined as 144 m 2 /g while the pore volume was 0.132 cm 3 /g, with 75% of this volume consisting of mesopores and 17% of micropores. Its density, as measured . Elemental analysis gave the following results (on a dry mass basis): C, 44.4 w/w%; O, 49.2 w/w%; H, 5.6 w/w%; N, 1.2 w/w%. The peat was initially preconditioned by drying for 4.5 h at 80°C to attain a final residual moisture content of 13% (0.15 d.b.), these conditions having been previously established as necessary to achieve this final humidity level (Sepúlveda et al. 2004) . Lower moisture contents may lead to the destruction of the porous matrix of the peat. After drying, the peat was sieved and particle sizes in the range 0.250−1.00 mm were collected and stored for subsequent use in adsorption assays.
The dyes selected were Basic Blue 3 (BB3) and Basic Orange 2 (BO2) with mono-oxazine and mono-azo structures, respectively. These are depicted in Figure 1 .
A series of Erlenmeyer flasks, each with a capacity of 100 ml, was employed for the adsorption isotherm studies. A sample of peat was introduced into each flask, the quantity used being sufficient to achieve a dosage of 4 g peat/l solution for different concentrations of the dye solutions. Thus, the range of concentrations employed for Basic Orange 2 (BO2) dye was 100− 400 mg/l, whilst that for the Basic Blue 3 (BB3) dye was 50−200 mg/l. For each set of samples, a blank distilled water solution with a peat dosage of 4 g/l was used for comparative purposes.
In each set of batch experiments the peat and dye solutions were maintained in contact for 7 d at 30ºC and 45 o C, this contact time having been established via previous studies. The pH values of all the solutions were monitored carefully during such contact periods. Subsequently, the samples were filtered via a vacuum system and the dye concentration in the solutions determined at the maximum absorbance wavelength for each dye using a Helios Gamma model UV-vis spectrophotometer.
The kinetic studies were performed at 30 o C using a 1.5 l capacity reactor provided with four baffles. The process dynamics were identified by taking samples at different contact times and filtering them, with the pH value of each sample being noted. The concentrations of the filtered dye samples were again measured using a Helios Gamma model UV-vis spectrophotometer at the maximum absorbance wavelength for each dye. The conditions employed in the kinetic studies are specified in Table 1 . 
RESULTS AND DISCUSSION
Figure 2 presents the experimental adsorption isotherms at different temperatures for the two dyes studied onto peat together with the fitted curves for the Langmuir model. The parameters obtained from these isotherms are listed in Table 2 . It will be seen that the isotherms obtained at the different temperatures were very close to each other and could be well fitted by the Langmuir model (correlation coefficients ≥ 0.99). The maximum adsorption capacity increased with temperature from 40.6 mg/g to 41.0 mg/g for BB3, whereas they were very similar for BO2 (92.6 mg/g and 92.5 mg/g). On the other hand, the a L constants increased with temperature by ca. 50% for both dyes. This latter effect may be due to chemisorption of the dye molecules onto the adsorbent surface via the formation of complex compounds (Chakraborty et al. 2005) . Figure 3 (a) depicts the BB3 concentration decay curves for various initial concentrations employing the same dosage of peat in each case. The data depicted also show that, at the lowest initial concentration of dye employed (50 mg/l), excess adsorbent existed in the system since after a contact time of 20 min the dye concentration in solution had been reduced virtually to zero. However, at an initial concentration of 200 mg/l of BB3, saturation of the peat was not possible. The higher the initial dye concentration, the greater the initial slope of the dye concentration decay curves. This behaviour reflects the diffusion effects through the boundary layer surrounding each of the adsorbent particles. Over this stage, the rate of decrease in dye concentration reflects the greater driving force necessary to remove the dye molecules from the bulk solution to the surface of peat particles. However, at the highest concentrations of BB3 (100 mg/l and 200 mg/l), the adsorption process approached equilibrium and hence the concentration attained after 60 min was very close to the equilibrium value. The effect of peat dosage for the same initial dye concentration is depicted in Figure 3 (b) . The data depicted show that the initial slope of the curve in this case was virtually independent of the dosage of peat employed, indicating that the effect of this variable was negligible over the first stage of the adsorption process. This may be ascribed to the fact that, although the surface concentration of adsorption sites increases in proportion to the peat dosage, the magnitude of the driving force causing the diffusion of dye onto the adsorbent surface remains the same. This result confirms that the diffusion of dye molecules from the solution onto the adsorbent surface basically occurs during the initial stage of the process. Figure 4 shows the increase of BB3 concentration in the peat with time at 30 o C together with fits of the pseudo-first-and pseudo-second-order kinetic models to the experimental data. It can be seen that removal was very fast during the first stage of the process with the dye concentration being reduced by more than 50% at contact times less than 2 min. Adsorbate-adsorbent interactions are negligible during the initial stage of the process since the peat surface is dye-free during this stage. Hence, the pseudo-first-order kinetic model adequately interprets the adsorption dynamics under these circumstances. However, for contact times greater than 15 min, where not only does the external diffusion mechanism apply but intra-particle diffusion also begins to prevail, the pseudo-first-order model is not capable of interpreting the experimental data correctly. This shows that the predictive capacity of this model is restricted to the stage where the process is controlled by the external mass transference. The data depicted in Figure 4 indicate that the pseudo-second-order kinetic model is that which provides the best representation over the whole length of the adsorption process. This kinetic behaviour arises from the ability of dye cations to form micelles at their moment of closest approach to the adsorption sites. The data listed in Table 3 show the pseudo-first-order kinetic parameters for the adsorption of BB3 and BO2 dyes onto peat. It will be seen that the equilibrium adsorption capacities predicted by this model were always lower than those obtained experimentally via assays conducted on samples with long contact times.
Figures 5(a) and (b) present the effect of the peat dosage and the initial dye concentration, respectively, on the adsorption capacity exhibited towards BB3 dye. These show that the kinetic data for dye uptake under all the conditions studied were predicted with reasonable accuracy by the pseudo-second-order kinetic model. The corresponding parameters arising from the application of the pseudo-second-order model to the data for BB3 and BO2 are listed in Table 4 . The equilibrium capacity values (q e2 ) obtained from the fittings are comparable to the solid-phase equilibrium concentrations estimated via the Langmuir isotherm. The data listed in Table 4 also show that an increase in the initial concentration of BB3 dye led to a significant increase of the adsorption capacity, q e2 ; in contrast, a decrease in the pseudo-second-order kinetic constant, K 2 , occurred under these circumstances. This result demonstrates that both parameters are dependent on the initial dye concentration. The kinetic parameters obtained for the BO2 dye with the pseudosecond-order model show the same behaviour.
The equilibrium adsorption capacity, q e2 , obtained via the pseudo-second-order model (Table 4) , decreased when the peat dosage was increased. This arose from the increased surface area of the adsorbent. However, the driving force remained unaltered and hence the ratio between the two parameters decreased. This led to a decrease in the mass of dye removed from solution per unit mass of peat. In contrast, the pseudo-second-order kinetic constant, K 2 , increased with increasing peat dosage as a result of the larger surface area of the adsorbent. To identify the intra-particle diffusion restrictions existing in the studied system, we have estimated the intra-particle diffusion parameters by means of the Weber-Morris plots shown in Figure 6 . The multi-linear nature of the plots of the adsorption capacity with the square root of time indicates the existence of two or more resistances to the process of intra-particle transport. Each of the linear sections was evaluated separately using equation (4) and the parameters thus obtained from the application of this model are listed in Table 5 . The first and second stages of the adsorption process are attributed to diffusion control in the mesopores and micropores, respectively. Other investigations have also established that intra-particle diffusion can occur in single or multiple steps during adsorption (Dogan et al. 2007; Sun and Yang 2003; Kannan and Sundaran 2001) . First intra-particle diffusion stage. b Second intra-particle diffusion stage.
